We carried out direct numerical simulations of the flow past a two-dimensional S822 wind turbine blade section at a chord Reynolds number of Re=100,000 and an angle of attack of α = 5deg. Without blade rotation the separated boundary layer "rolls up" into spanwise vortices which then "break up" into smaller scale structures leading to transition to turbulence. Simulation results compare favorably with XFoil predictions and wind tunnel data by the University of Illinois at Urbana Champaign. By adding volume forcing terms to the right-hand-side of the Navier-Stokes equations the effect of blade rotation can be simulated. Blade rotation is shown to result in a radial velocity component towards the blade tip in areas where the velocity is substantially different from its free stream value, such as near the stagnation point and especially in the separated flow region. The spanwise velocity component makes the flow crossflow unstable resulting in stationary and traveling crossflow vortices. A linear stability theory analysis which compares favorably with the simulation data provides proof that the primary instabilities are of mixed type, including both a two-dimensional mode (Tollmien-Schlichting and Kelvin-Helmholtz type) and a stationary and unsteady crossflow mode. The crossflow instability results in an earlier transition and a separation delay, lift increase, and drag reduction. This effect is more pronounced at 20% than at 80% blade radius. Because we apply periodicity conditions in the spanwise direction our results provide an explanation for rotational augmentation that is not based on the transfer of fluid from the inboard region towards the blade tips ("centrifugal pumping"). Instead, we argue that rotational augmentation, at least for low Reynolds number flows, is a direct consequence of crossflow instabilities which destabilize the flow leading to earlier transition and separation delay.
I. Introduction
Accurate blade performance predictions are crucially needed during wind turbine development. Inaccurate predictions of the aerodynamic coefficients can result in imprecise performance estimates. A survey of numerical methods for analyzing the aerodynamic and aeroelastic properties of wind turbines was provided by Hansen et al. 1 Blade element momentum theory (BEMT) is one of the main tools for computing the performance of entire turbines. This approach was found to perform well for attached flow conditions but to underestimate the stall onset and hence the peak power output. For example, the National Renewable Energy Laboratory (NREL) Combined Experiment (Phase II) turbine power exceeded predictions by approximately 15-20%.
2 Almost all research suggests that this effect can be attributed to stall delay caused by blade rotation. For example, Tangler 3 compared the field performance of a small commercial wind turbine to the predictions based on BEMT. The power output was always underestimated at low tip speed ratios. Tangler inferred that this was caused by stall delay.
The survey paper by Leishman et al. 4 points out that many details of the unsteady wind turbine aerodynamics are not well understood yet, including the modeling of the induced velocity field produced by the vortical wakes behind the turbine, dynamic stall, and rotational augmentation. Dynamic stall refers to the stall delay seen for an oscillating airfoil angle of attack, e.g. during yawed wind turbine operation, while rotational augmentation refers to the stall delay caused by rotation alone. Unlike for helicopter rotors where stall onset limits the operating envelope, stall regulated fixed pitch wind turbines may operate continuously with considerable amounts of flow separation. Even for pitch controlled turbines stall effects can still be important when the wind speed and direction change too quickly for the turbine to respond in a timely manner.
Stall delay and lift enhancement due to rotation were first investigated by Himmelskamp 5 for aircraft propellers. Employing theoretical analysis for steady laminar boundary layers on a rotating blade at small incidence Banks and Gadd 6 could show that the separation point was delayed due to rotation. The amount of delay varies with the radius and is stronger near the hub. A considerably increased lift coefficient compared to BEMT for the inboard sections of turbines has also been observed in laboratory experiments. [7] [8] [9] It was suggested that centrifugal loads caused by blade rotation induce a spanwise flow (referred to as "centrifugal pumping") that "thins" the separated flow region in the inboard region. 7 Experiments by Savino and Nyland 9 showed that rotation caused a downstream shift of the separation point that became more pronounced with increasing rotational speed. This separation delay which was more prominent neat the hub and weaker towards the blade tip was attributed to Coriolis and centrifugal accelerations. The argument was made that the stall delay caused by rotation scales inversely with the Reynolds number, leading to the conclusion that the rotational effects become less relevant with increasing turbine dimensions. Schreck et al. 10, 11 analyzed surface pressure measurements from the NREL Unsteady Aerodynamics Experiment, a full-scale horizontal axis wind turbine (HAWT) tested in the NASA Ames 80 by 120ft wind tunnel. The separation and shear layer impingement locations were correlated with the normal force behavior. Results showed that rotational augmentation was linked to specific separation and impingement behaviors and to the associated three-dimensionality of the surface pressure distributions. Schreck et al. 12 conclude that the amount of lift augmentation is directly related to the rotation induced magnitude of the spanwise flow in the boundary layer. Sicot et al. 13 conducted model wind turbine wind tunnel experiments with free stream turbulence levels between 4.5 and 12%. Measurements indicate airfoil lift augmentation for the rotating blade. The effect of blade rotation on separation was found to depend on the free stream turbulence level. When the inflow turbulence level was increased the separation point was closer to the trailing edge (stall delay) and the separation and stall delay caused by blade rotation were diminished.
We conclude that if transition influences rotational augmentation then rotational augmentation may be related to transition. Since rotational augmentation was found to be directly related to the velocity magnitude of the rotation induced spanwise flow we decided to investigate if crossflow instabilities were of relevance for rotational augmentation. A survey paper discussing the stability of three-dimensional (3-D) boundary layers was prepared by Reed and Saric.
14 For example, the self similar 3-D velocity profiles (analytical relations were developed by von Kármán) on a rotating disk in otherwise still fluid are subject to inviscid crossflow instabilities and undergo transition to turbulent flow. By extending linear stability theory (LST) to 3-D flows Cebeci & Stewartson 15 could identify a neutral curve for the rotating disk. Azimuthal periodicity appears to facilitate the occurrence of an absolute instability. 16 Of considerable interest is also the swept wing flow which can also be crossflow unstable.
By solving the integral boundary layer equations based on Pohlhausen and crossflow velocity profiles in the streamwise and spanwise directions Du et al. 17 could show that rotation delays separation and thereby stall. This numerical approach is an extension of the method developed by Snel 18 for a wind turbine blade. In the turbulent region a power-law velocity profile was employed. Transition was assumed for
which is valid for Ro δ ≪ 1. Re δ = u ∞ δ/ν is the Reynolds number based on 99 percent boundary layer thickness and Ro δ = 2Ωδ/u ∞ is the boundary layer rotation number which describes the ratio of Coriolis to inertial forces. Rotation affects transition and, thereby, separation. Once the transition mechanism is understood more accurate transition prediction tools similar to the e N method can be developed. Dumitrescu et al. 20 solved the integral laminar boundary layer equations for investigating stall delay. They conclude that the inboard stall delay is characterized by a spanwise vortex near the leading edge which opens up and separates from the surface at some critical outboard radial location.
Narramore and Vermeland 21 employed 3-D computational fluid dynamics (CFD) with algebraic turbulence model for investigating the V-22 rotor flow field. The calculations showed that stall delay due to rotation was particularly pronounced for the inboard sections. Hu et al. 22 investigated stall delay for a HAWT using boundary layer analysis, CFD, and experiments. Stall delay was attributed to the spanwise velocity component caused by centrifugal acceleration. It is argued that this outward flow towards the blade tip induces a Coriolis acceleration in the downstream direction which acts as a favorable pressure gradient that tends to delay separation. Both effects are stronger near the root of the blade. Fully resolved simulations of entire blades are still out of reach even with today's computers. Researchers resort to limited quasi 3-D approaches where only a blade section is computed. For example, Chaviaropoulos and Hansen 23 derived a simplified model by averaging the incompressible Navier-Stokes equations in cylindrical coordinates in the spanwise direction. They then carried out calculations for a NACA 0015 airfoil at Re=400 and α=15deg. Rotation was found to result in a two-fold lift increase and a drag increase. This was explained by the rotation induced spanwise flow that transports fluid towards the blade tip and thus "thins" the separated flow region near the hub. A correction model for the blade section aerodynamic coefficients was proposed. Miller and Morris 25 performed unsteady simulations for a S809 24 blade section using a compressible Navier-Stokes code with detached eddy simulation. The code was coupled with a Ffowcs Williams-Hawkings solver to allow for predictions of the acoustic far field. Volume forcing terms were added to the governing equations to account for blade rotation. A quasi-periodic boundary condition was employed in the spanwise direction where the spanwise velocity component was scaled based on the radial distance from the axis of rotation. Blade rotation was found to increase the lift coefficient by about 10% but also to increase the drag coefficient. Rotation was also found to lower the sound pressure level. Several models were developed for capturing the stall delay due to rotation (e.g. Sørensen 26 ). Most of these models add a correction to the non-rotating lift coefficient. A few models also apply a correction (increase) to the drag coefficient.
This paper describes simulations for the S822 airfoil 27 at a chord Reynolds number of Re=100,000 which is typical for a 2m diameter horizontal axis wind turbine. All simulations are for an angle of attack of 5deg where the flow separates from the suction surface. The remaining part of the paper is organized into 3 sections. In section II results from a BEMT analysis of a 2m turbine are provided and volume forcing terms that account for blade rotation are derived. Simulation results are presented in section III. The paper concludes with a summary and conclusions.
II. Wind Turbine Analysis
A. Control Volume Analysis S A1 A4 F u1 u2 u3 u4 A sketch of the turbine showing the approach flow wind speed, u 1 , the wind speed at the turbine plane (actuator disk), u 2 = u 3 , and in the turbine wake, u 4 , the total force exerted by the wind on the turbine, F , and the turbine disk area, S, is provided in Fig. 1 . The velocity at the turbine disk plane,
where u 4 = 2u 2 − u 1 , is obtained from a control volume analysis in combination with Bernoulli's equation for obtaining the static pressure on the left and right side of the rotor plane. The power extracted by the turbine,
can be expressed as a function of the velocity ratio,
From ∂P/∂(u 4 /u 1 ) = 0 the velocity ratio for maximum power extraction is obtained, u 4 /u 1 = 1/3. By taking the ratio of the maximum extracted power, P = 16/27 1 2 ρSu 3 1 , to the hypothetical power that would be extracted if the airstream was brought to a complete rest, P = 
B. Blade Element Momentum Theory
For the blade element momentum theory (BEMT) each turbine blade is divided into a number of elements with radial extent, dr. A sketch for one blade element is shown in Fig. 2 is the approach flow wind velocity, u = u 1 , diminished by the axial induction factor, a (we used the same terminology as Moriarty and Hansen 28 ). The circumferential velocity, Ωr, is computed from the rotational speed of the rotor, Ω, and the local radius of the blade element, r, and diminished by the rotational or tangential induction factor, a ′ . The local flow angle is,
where
is the local tip speed ratio. For a local element pitch angle β a local angle of attack 
where B is the number of wind turbine blades, c is the local chord, and
is the local total velocity seen by the blade element. The thrust and torque acting on the blade element can also be obtained by considering the conservation of momentum and angular momentum for the streamtube annulus that passes through the blade element,
The coefficient,
accounts for the tip and hub losses. Here, R is the rotor radius and R hub is the hub radius. By equating Eqs. 7 and 10 and 8 and 11 the following expressions are obtained,
is the local solidity. When the local thrust coefficient
exceeds 0.96F the element is highly loaded and the modified Glauert correction is employed to determine the axial induction factor,
The contribution to the total power from each annulus is
The conversion efficiency is
We did not consider yawed inflow conditions, neither did we account for the tower influence, airfoil dynamic stall, blade bending, etc. The present analysis was aimed solely at obtaining reasonably accurate estimates for the rotational speed, blade element angle of attack and Reynolds number. Alternatively, we could have employed AeroDyn.
28
We considered a two bladed turbine with D=2m diameter (R=1m), S822 profile, 27 and the same chord and twist angle distribution as for the 10m NREL turbine that was tested at NASA Ames 31 ( Fig. 3) . We integrated over the blades from 24.3% to 100% blade radius using 100 elements. As air density and viscosity we chose ρ ∞ = 1.2kg/m 3 and µ ∞ = 1.8 × 10 −5 kg/(ms). Betz limit . The chord length is 0.03766 × 2m = 0.07531m. We normalized the blade rotation frequency with the local chord length, c, and resultant velocity, u R (Fig. 8a) . Also shown are the induction factors. At r/R=0.8, (20) is obtained. With the same non-dimensionalization a fluid particle will require a dimensionless time of approximately 1 to pass over the blade. The dimensionless frequency of flow processes (such as vortex shedding) will be of order 1 which is 2 orders of magnitude higher than the blade passing frequency. The blade passing frequency is, therefore, "felt by the flow" as a slow variation or modulation of the approach flow velocity and has likely no direct effect on the unsteady fluid dynamics. 
C. Blade Rotation
In the inertial reference frame (x, y, z) the turbine blades rotate with the angular velocity (Fig. 9) , A blade coordinate system (x ′ , y ′ , z ′ ) with y ′ = x and origin at
can be defined ( 
with
The inertial frame acceleration of a fluid particle located at position s p in the rotating system is
Here, the superscript p denotes quantities (position, velocity, and acceleration) of the fluid particle in the rotating system expressed in the coordinates of the inertial system. We assume the angular velocity to be constant,ω = 0. Our Navier-Stokes code was developed for an inertial coordinate system. For turbine simulations in a rotating coordinate system additional acceleration terms have to be considered to account for the coordinate system rotation,
Fortunately, many terms drop out and only
is retained. If we now assume u ′ = Ω(R + z ′ ) (a fluid particle that is not moving in the inertial frame) the last line of Eq. 27 will read a
The Coriolis acceleration is larger than the centrifugal acceleration and in the rotating system the fluid is accelerated towards the turbine hub. This is illustrated in Fig. 10a . If the Navier-Stokes code in its original formulation was employed with a computational domain as indicated in Fig. 10a the periodicity condition in the spanwise direction would be violated. The periodicity condition would also be violated if a domain as indicated in Fig. 10b was employed.
By transforming to a cylindrical coordinate system (r, ϕ, y) with (x ′ , y ′ , z ′ ) = (r sin ϕ, y, r cos ϕ − R) and velocities (v r , v ϕ , v y ) the domain can be "unrolled" (Fig. 10c) . The transformation matrices are
and
for the velocities and accelerations. The Coriolis and centrifugal acceleration in the cylindrical coordinate system are
Added to the momentum equations in cylindrical coordinates
Our intent was to carry out simulations where we deliberately exclude all mean flow curvature effects and only consider the Coriolis and centrifugal acceleration. By comparison with a reference simulation for a non-rotating two-dimensional (2-D) blade section we can then isolate the effects of the Coriolis and centrifugal acceleration. Here, the point is made that on purpose we employ a periodic boundary condition in the spanwise direction. This implies that the radial extent of the blade section, ∆r, is small compared to the radius or that r → ∞ for a given ∆r. Only the circumferential velocity is directly dependent on the radius,
For r → ∞ the simplifications 
We conclude that if we want to compute a flow that is periodic in the spanwise direction and where we deliberately exclude all mean flow curvature effects but account for the Coriolis and centrifugal acceleration we have to add
to the right-hand-side of the Navier-Stokes equations in Cartesian coordinates.
y'' y''' Figure 11 . Transformation from blade element coordinate system (x ′′ , y ′′ , z ′′ ) to coordinate system employed in the simulations (x ′′′ , y ′′′ , z ′′′ ).
Our computational domain is tilted with respect to the coordinate system (x ′′ , y ′′ , z ′′ ) by the local element pitch angle, β (Fig. 11) . The velocity transformations are
Finally, this yields the volume forces
which multiplied by the cell volume, J, have to be added to the right-hand-side of the Navier-Stokes equations in our code to account for the Coriolis and centrifugal accelerations. The approach flow velocities in the computational domain are (u ′′′ , v ′′′ , w ′′′ ) = u R (cos α, sin α, 0) where α is the local angle of attack. With φ = α + β and a = a ′ = 0 we obtain (u ′′ , v ′′ , w ′′ ) = u R (cos φ, sin φ, 0) = (Ωr, u, 0) and all terms in Eq. 38 become zero.
III. Blade Section Simulations

A. Simulation Parameters
Our simulations are for a model turbine with 2m diameter and S822 airfoil. The S822 was designed by Somers for low-Reynolds number wind turbine applications. 27 We compare our results with University of Illinois at Urbana-Champaign (UIUC) wind tunnel measurements by Selig and McGranahan. 32 The chord Reynolds number for our simulations was Re=100,000. We chose an angle of attack of α = 5deg for which flow separation was observed in the experiments. We carried out simulations without blade rotation (fixed blade environment as typically encountered in wind tunnel experiments) and with blade rotation (as seen during wind turbine operation) for 2 different spanwise locations, r = 0.2R and r = 0.8R (radial location with highest torque contribution, Fig. 6d ). At r/R = 0.8 the local element pitch angle is β = −0.967deg and the angle of attack is α = 7.315deg, resulting in φ = α + β = 6.348deg. The angular frequency at 300rpm is Ω = 300/60 × 2π = 31.42/s and the resultant velocity is u R = 25.44m/s. For the simulations we want an angle of attack of α = 5deg, resulting in a local element pitch angle of β = φ − α = 1.348deg. The angular frequency non-dimensionalized with the chord length, c = 0.07531m, and velocity, u R = 25.44m/s, is
The local radius made dimensionless with the chord length is
For the simulations we want the Coriolis and centrifugal accelerations of the undisturbed approach flow to be exactly zero. For the terms Ω − u ′′ /r to cancel out u ′′ = Ωr = u R cos φ has to be satisfied, Ω × c u R = cos φ r = cos 6.348deg 10.62 = 0.09358 .
At r = 0.2R the dimensionless radius and angular velocity are 0.2/0.07531=2.656 and cos 6.348deg/ 2.656= 0.3742. Since no pitch angle is provided for r/R = 0.2 (the airfoil section starts at 24.3% span) and to allow for a more consistent comparison we chose the same pitch angle as for r/R = 0.8. The defining parameters for both cases are listed in Tab. 1. As the dimensionless rotational speed is larger for r/R = 0.2 the rotational effects are expected to be more pronounced for case 2. Results from simulations where we considered yawed turbine operation are discussed in Gross et al. 
B. Computational Method
A research CFD code that was developed in our laboratory was employed for the present investigations.
34, 35
The code solves the compressible Navier-Stokes equations in the finite volume formulation. The NavierStokes equations are discretized with a 9 th -order-accurate upwind scheme for the convective terms and a 4 th -order-accurate scheme for the viscous terms. The system of equations is advanced in time with a secondorder-accurate implicit Adams-Moulton scheme. The resulting system of equations is solved with a line Gauss-Seidel algorithm with Newton iteration. We employed a Poisson grid generator 36 for obtaining O-grids with high orthogonality and smoothness (Fig. 12) . The grid extent in the radial direction was 25c, where c is the chord length. The grid was then extruded in the spanwise direction over a spanwise distance of ∆Z. Details of the various grids including the spanwise domain width are provided in Tab. 2. A characteristics based non-reflecting boundary condition was employed at the free stream boundary. 37 Periodicity conditions were enforced in the spanwise direction. Walls were considered to be adiabatic. Unless indicated otherwise, velocities and length scales were non-dimensionalized with the approach flow velocity, u R , and the airfoil chord, c. The x-and y-coordinates refer to the airfoil coordinate system. The x-coordinate (abscissa) passes through the leading and trailing edge and the y-coordinate (ordinate) touches the leading edge. The z coordinate points in the spanwise direction and towards the tip of the blade. 
C. Stationary/Fixed Blade Simulations
As a reference we first carried out blade section simulations for a stationary blade using the fine grid and both coarse grids. Here, the Q vortex identification criterion,
was employed for visualizing vortical structures. In addition, iso-contours of spanwise vorticity,
were included to visualize the boundary layer. The flow is seen to separate near the maximum thickness location. The inflectional velocity profile of the separated boundary layer is subject to an inviscid KelvinHelmholtz instability resulting in the amplification of 2-D disturbances. This leads to a "roll up" of the separated boundary layer and the formation of spanwise structures. These structures quickly "break up" into smaller scale turbulent structures. In the near wake, 3-D structures with a spanwise wavelength equal to the spanwise domain extent reside. Not surprisingly, less small scale motion is resolved as the grid resolution is reduced. The wall pressure,
and skin friction coefficient,
computed from the temporal and spanwise averages of the data are shown in Fig. 15 . Also included are results from a viscous XFoil 30 calculation. The pressure side skin friction coefficient was multiplied by -1 for improved clarity of the illustrations. The c p and c f curves confirm the interpretation of the instantaneous flow data. At α = 5deg the laminar boundary layer separates from the suction side surface near the maximum thickness location as indicated by the pressure "plateau" in the c p curve and the negative c f values for x > 0.37. While the coarse grid results approximately coincide with each other a slightly different wall pressure distribution which better matches the XFoil result is obtained for the fine grid. Iso-contours of the streamfunction, Ψ, where u = ∂Ψ/∂y and v = −∂Ψ/∂x, computed from the temporal and spanwise average of the flow data are depicted in Fig. 16 . For the fine grid the separated flow region is shallower. We speculate this to be a consequence of both increased turbulent mixing due to the better grid resolution and energetic spanwise modes with spanwise wavelengths that cannot be resolved on the narrower coarse grids. In fact, structures with a spanwise wavelength that is identical to the domain width (and the length of the separated flow region), ∆Z, are seen in Fig. 13 . On the narrower coarse grids these structures are suppressed and more energy is contained in the 2-D modes (spanwise structures). Finally, a comparison of the computed lift and drag coefficients with XFoil and UIUC wind tunnel data 32 is provided in Fig. 17 . The coarse grid data is in closer agreement with the wind tunnel data while the fine grid data is in closer agreement with the XFoil prediction. Since our main intent was to investigate the effects of blade rotation and not to match wind tunnel data with great accuracy, since the coarse and fine grid data exhibited the same physical mechanisms with respect to separation and transition, and since we wanted to save compute time we decided to employ the coarse grids for our simulations where we considered blade rotation. 
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D. Rotating Blade Simulations
Instantaneous flow visualizations for case 1 (r/R=0.8) are shown in Fig. 18 . Also included are iso-contours of the spanwise velocity, w, (temporal and spanwise average). A positive w-velocity indicates spanwise flow towards the blade tip. For the simulations without blade rotation this velocity was close to zero. When the angular velocity of the particle is identical to the angular velocity of the turbine blade, the fluid particle will not experience accelerations due to blade rotation. On the opposite, if the fluid particles angular velocity is different from the angular velocity of the blade, such as near the stagnation point or in the separated flow region, the fluid particle will experience centrifugal and Coriolis accelerations. For case 1 the spanwise velocity attains a maximum value of 0.44 in the "dead air" region downstream of separation where the streamwise velocity is very small. Nevertheless, the instantaneous flow visualizations (Fig. 18) are very similar to the results for the stationary blade (Fig. 14) . The picture changes for r/R=0.2 (Fig. 19) . The maximum spanwise velocity in the separated flow region is now 85% of the approach flow velocity and the amount of flow separation appears greatly reduced. The spanwise structures are "breaking up" earlier in the simulation with coarse grid 2 which has double the number of cells in the spanwise direction. Iso-contours of the streamfunction clearly indicate that blade rotation results in a separation delay and a reduction of the size of the separated flow region (Fig. 20) . The effect is more pronounced at r/R = 0.2 (case 2). At this radial location the dimensionless rotational speed and, therefore, also the spanwise or crossflow velocity component is larger than at r/R = 0.8 and the reduction in size of the separated flow region is significant compared to the stationary case. The spanwise grid resolution has no significant effect on the mean flow results. The wall pressure and skin friction coefficient are shown in Fig. 21 . With blade rotation, separation is reduced resulting in an increased circulation (larger area enclosed by c p -curve) and a stronger pressure 32 cells in z 64 cells in z recovery near the trailing edge which lowers the pressure drag. Lift curves and drag polars are shown in Fig. 21b . Blade rotation reduces the amount of flow separation, resulting in a lift increase (2 fold increase compared to the stationary case for r/R = 0.2) with concomitant drag reduction.
Since our simulations are periodic in the spanwise direction the considerable reduction of the amount of flow separation especially for r/R = 0.2 cannot be explained by a removal of fluid from the separated flow region due to the rotation induced spanwise flow towards the blade tip ("centrifugal pumping"). We speculated that the separation delay was caused by crossflow instabilities which destabilize the flow and thus "accelerate" transition to turbulence. We, therefore, scrutinized the time-averages with respect to stationary crossflow vortices. In fact, an evaluation of the time-averaged flow fields based on visualizations of the Q 32 cells in z 64 cells in z vortex identification criterion (Fig. 22) revealed stationary crossflow vortices downstream of separation for the cases with blade rotation but not for the case without blade rotation. Crossflow vortices cannot be expected upstream of separation where the crossflow velocity is very small. The crossflow vortices are much more pronounced for case 2. Interestingly, when resorting to Figs. 18 & 19, it becomes clear that the vortices are situated in a region where the flow is unsteady and dominated by spanwise coherent structures that are a consequence of the initial shear layer "roll-up". We also expected traveling crossflow vortices and, therefore, analyzed animations of the streamwise vorticity, (Fig. 22) . In addition, the traveling crossflow vortices are spaced more closely than their stationary counterparts, especially on the grid with better spanwise resolution. Although more traveling crossflow vortices are resolved on the grid with 64 cells in the spanwise direction (coarse grid 2), surprisingly, the mean flow results are not affected much by the spanwise grid resolution (Figs. 20 & 21 ).
E. Local Linear Stability Analysis
Stability analysis using primary linear stability theory (LST) have been carried out for cases 1 and 2. At several downstream locations, x, wall normal profiles of the streamwise and spanwise velocity components, u and w, were extracted from the temporal and spanwise averages of the flow fields. For example, profiles extracted at x = 0.7 for case 2 show a significant crossflow velocity component (w-velocity) (Fig. 24) . The coupled Orr-Sommerfeld and Squire equations are solved by a shooting method using an in-house code (Institute of Aero-and Gasdynamics (IAG), University of Stuttgart). The equations are formulated as in Here, for various downstream locations, x, the amplification rate, α i , of the most unstable mode with frequency ω r = 2πf is plotted against the streamwise wavenumber, α r = 2π/λ x , and the spanwise wavenumber, γ = 2π/λ z . In contrast to typical 3-D flow scenarios (e.g. swept-wing boundary-layer flows) the streamline-oriented coordinate system is the same as the body-fixed system and therefore α r = α r,s and γ r = γ r,s where s denotes the otherwise useful streamline-oriented coordinate system. stability diagrams at a distance of 0.1 downstream of separation (x=0.5 for case 1, Fig. 25 , and x=0.6 for case 2, Fig. 26 ) the 2-D mode is seen to experience stronger amplification for case 1.
A closer look at Fig. 26 (case 2) for x = 0.7 reveals three distinct amplification maxima (minimum α i ): The maximum near (α r , α i , γ, ω r ) = (100, -35, 0, 55) can be associated with the K-H mode. The lower maximum near (α r , α i , γ, ω r ) = (-50, -35, 70, 0) can be associated with stationary crossflow modes, and the weaker maximum near (α r , α i , γ, ω r ) = (100, -30, 180, 100) is related to traveling crossflow modes. With a domain width of ∆Z = 0.25 the expected number of vortices in the domain, ∆Z/λ z = 0.125γ/π, is 2.8 for the stationary crossflow vortices and 7.2 for the traveling crossflow vortices (Fig. 26 for x = 0.7) . Flow transforms of the wall pressure coefficient at x=0.7 obtained from the case 2 simulation on coarse grid 2 indicate unsteady 3-D disturbances (Fig. 27) . The spectra are, however, broad and do not show distinct peaks. Also included in Fig. 27 are circles that represent the most unstable modes as identified by LST. The wall pressure data are not particularly well suited for detecting flow structures in the shear layer off the wall and other post-processing tools have to be developed for extracting the dynamics of the traveling crossflow vortices.
The blade element section simulations in combination with the LST analysis provide convincing evidence that blade rotation results in a crossflow which gives rise to crossflow instabilities that destabilize the flow and thereby accelerate "breakdown" to turbulence. Earlier transition results in a reduction of flow separation which in turn leads to a lift increase and a drag reduction. The rotation induced crossflow instabilities, therefore, offer an explanation for rotational augmentation.
IV. Summary and Conclusions
We carried out blade section simulations for the S822 airfoil at a chord Reynolds number of 100,000 and for an angle of attack of 5deg. For these conditions laminar separation was observed in wind tunnel experiments at the University of Illinois at Urbana-Champaign. 32 As a reference and to allow for a comparison with the fixed airfoil wind tunnel experiments we first considered a stationary non-rotating blade section. We also carried out simulations for blade sections at 80% and 20% blade radius where we considered blade rotation and employed periodic boundary conditions in the spanwise direction. This simplifies the simulations and also prevents "centrifugal pumping"
7 of fluid from the separated flow region near the hub towards the blade tip. Earlier research suggests that "centrifugal pumping" was responsible for rotational augmentation, the aerodynamic performance increase observed for rotating blades. Our simulations for the stationary blade show good agreement with the wind tunnel experiments. The primary flow instability mechanism for the stationary blade was found to be an inviscid shear layer (Kelvin-Helmholtz) instability. This primary instability results in a "roll up" of the separated boundary layer into spanwise structures. Secondary instability mechanisms then result in "breakdown" to turbulence. Blade rotation was found to delay separation especially near the hub resulting in a lift increase of up to 100% and a drag reduction. Our simulations provide an explanation for this phenomenon of increased lift for rotating airfoils which is commonly referred to as rotational augmentation: Especially in the stagnant "dead air" region of the separation bubble blade rotation results in a strong spanwise flow towards the blade tip. The spanwise flow gives rise to crossflow instabilities and the appearance of stationary and traveling crossflow vortices. Although the shear layer mode is still present the added crossflow instabilities further destabilize the flow and thus accelerate transition. Because the separated boundary layer transitions more quickly in the presence of blade rotation high momentum free stream fluid is entrained earlier than in the stationary blade simulations. This entrainment reduces the amount of flow separation which in turn leads to a lift increase and a drag reduction. The crossflow magnitude and, hence, also the crossflow instabilities were found to be stronger near the hub which explains why rotational augmentation is more pronounced near the hub. For elevated free stream turbulence levels the primary stages of transition can be "bypassed" which would render the crossflow instability modes less relevant. This would explain why rotational augmentation was found to be less pronounced for elevated free stream turbulence levels. 13 At larger Reynolds numbers disturbance amplification rates are higher. The separated boundary layer transitions very abruptly and the details of the transition process have less effect on the downstream extent of the transition region. This could explain why rotational augmentation is less significant for larger turbines.
